The physiological basis underlying differences in sensitivity of different aged leaves to water stress was investigated in Fragaria virginiana Du- Osmotic adjustment in response to water stress is considered an important physiological mechanism enabling plants to tolerate water deficits (l). A leaf can increase its resistance to dehydration through a reduction in cellular osmotic potential by a net accumulation of cellular solutes (9). The key role ofosmotic adjustment is in turgor maintenance during water deficits, which in turn is essential for maintenance ofturgor-related processes (3), especially stomatal regulation. For any given leaf water potential, a leaf with a lower osmotic potential will have more turgor pressure to expend and can therefore withstand greater dehydration before a critical loss of turgor occurs. Lower cellular osmotic potentials also conserve cellular volume and maintain gradients of water potential favorable for water influx.
Osmotic adjustment in response to water stress is considered an important physiological mechanism enabling plants to tolerate water deficits (l). A leaf can increase its resistance to dehydration through a reduction in cellular osmotic potential by a net accumulation of cellular solutes (9) . The key role ofosmotic adjustment is in turgor maintenance during water deficits, which in turn is essential for maintenance ofturgor-related processes (3) , especially stomatal regulation. For any given leaf water potential, a leaf with a lower osmotic potential will have more turgor pressure to expend and can therefore withstand greater dehydration before a critical loss of turgor occurs. Lower cellular osmotic potentials also conserve cellular volume and maintain gradients of water potential favorable for water influx.
It is generally recognized that osmotic adjustment is important for leaf survival under stress conditions; however, its interaction with leaf age and senescence has not been thoroughly investigated.
Mechanisms which modify the internal water relations of a plant may depend on plant age or developmental stage. The acceleration of leaf senescence by water stress has been reported for a number of agronomic species including wheat (7), cotton (11) , flax (14) , and green panic (12) . In most of these reports, only the physiolog- ' This research was supported in part by National Science Foundation Grant DEB 77-08432.
ically older leaves were affected permanently by the stress and became senescent. The specific mechanism by which water deficits can bring about premature senescence of only the physiologically older leaves is still unknown. An age dependency in the stress response is suggested.
The goal of the current investigation has been to examine the interaction between osmotic adjustment, leaf age, and senescence. This study of Fragaria virginiana Duchesne is the first which specifically examines the internal water relations on a leaf by leaf basis for the whole plant during an imposed water stress. Such detailed investigation permits the separation of stress-related from developmentally related differences between leaves on the same plant. This has been accomplished by (a) examining the physiological basis underlying the differential sensitivity of old and young leaves to water stress, and by (b) determining the role of osmotic adjustment in leaf survival. (17) .
MATERIALS AND METHODS

Plant
RESULTS AND DISCUSSION
Field Plants. The senescence of older leaves during the summer in field-grown strawberry plants appeared to be related to visual symptoms of water stress. Leaf rolling and petiole bending were correlated with low midday 'I and high stomatal resistance (not shown). Leaf senescence was also correlated with elevated air temperature and slightly lower predawn I readings (Fig. 1, A Figure 2 . Before water stress ( Fig. 2A) , leaves 2 through 5 show approximately the same relationship between 4p and I.
All leaves reach zero turgor before leaf I values exceed -13 bars.
Following seasonal dryness, a shift in the 4p versus I relationship in Figure 2B for individual leaves indicates that osmotic adjustment had occurred in leaves 4 In general, the 4,, of middle-aged leaves became approximately 1 to 2 bars lower after a single cycle of imposed water stress. This amount of change was minimal compared to later adjustment (Table I) .
Osmotic adjustment was more pronounced following subsequent stress cycles (Table I) (Table I) , although leaf 4 when still present showed the lowest 4,, value of all leaves, suggesting that these survivors had undergone considerable osmotic adjustment (-23.12 ± 2.63 bars). In the greenhouse environment, it was possible to control the water status of individual strawberry plants. This permitted the distinction between experimentally induced changes in 4,, and those possibly related to naturally occurring developmental changes. One representative control plant had six leaves ranging in 4,, values from -10.1 to -16.2 bars between the youngest and oldest expanded leaf. Given that the control plants were well watered throughout, it seems unlikely that the observed gradient is the result of water stress. Instead, a developmentally regulated gradient in leaf 4,, in the whole plant is suggested by the data (also see control plant data in Table I ). This may also contribute in part to 4,,, gradients observed in field plants.
The relationship between 4pp and I for this same well watered control plant is shown in Figure 4A . Older leaves 3 and 4 are capable of maintaining turgor to lower leaf I values than are younger leaves 5 through 8. After a single cycle of imposed water stress, a slight shift in the 4,p versus I curve for leaves 4 through 7 was observed (Fig. 4B) this oldest leaf to tolerate the imposed water stress suggests an age-dependent loss of tolerance, which may be independent of the initial (prestress) osmotic potential.
The marked shift in the ,p versus ' curve following two and three cycles of stress (Fig. 4, C and D, respectively) indicates that substantial osmotic adjustment has occurred. The amount of adjustment relative to control P,, values indicate an 8-to 10-bar decrease in leaf 4,, following two cycles of stress ( Fig. 4C ) with little additional change after three cycles of stress (Fig. 4D) . The lowest 4',, value ever determined for a strawberry leaf was -26 bars. Most values, however, were closer to -23 bars following adjustment, suggesting a general limit to the extent of solute accumulation. A similar limit of about -20 bars was observed in rice following stress conditioning (4).
The age dependence of osmotic adjustment is seen more readily when the leaves are considered individually. Leaf 4 showed the greatest amount ofosmotic adjustment following three stress cycles but no adjustment after a single stress cycle (not shown). Given the observation that leaf 4 senesced in some treatment plants, the surviving leaves 4 may have survived by virtue of this marked capacity for adjustment. The shift in the intercept at zero ' predicts that these conditioned leaves would be able to maintain (Fig. 5) . The results for individual leaves 6 through 8 were basically the same as those described for leaf 5 with maximum adjustment attained after two cycles and some lesser amount following a single cycle (not shown). Both the absolute amount (A+,,) and the final level the degree of change. These water potential-water content relations are shown in Figure 6 for leaf 4. The relationship between 4 and WSD (Fig. 6A) showed a marked shift following stress conditioning, indicating that this leaf could tolerate greater water loss before exceeding a critical level of turgor and/or reaching zero turgor. Specifically, leaf 4 will be able to lose 25% of its tissue water before reaching zero turgor as opposed to around a l1o0 tolerable water loss in the control leaves. In Figure 6B of WSD versus I for leaf 4, the curves for control and stressed leaves are similar except for the shift in the linear portion of the curve for stressed leaves to intercepts indicative of decreasing 4A, values. This is seen more clearly in Figure 6C following subtraction of the turgor component from the total water potential.
Loss of Adjustment. The loss of osmotic adjustment following the resumption of normal watering was followed over a 10-day period in order to determine whether osmotic adjustment of strawberry leaves was due to some reversible or irreversible change of cellular properties. Figure 7 shows the pattern of recovery from water stress conditioning for middle-aged leaf 5 To investigate whether the reduction in leaf area could be due to an inhibition of cell expansion, cell structural properties were also examined. Tissue dry weight, SLW, cell length, and cell density were determined for well watered control and waterstressed leaves after three cycles of stress treatment. The results are presented in Table III for leaf 7. At the whole leaf level, imposed water stress resulted in a decrease in both leaf area and leaf dry weight. This amounted to a 30.6% reduction in leaf area and a 16.6% reduction in dry weight relative to the unstressed controls. The reduction in leaf area can in turn be accounted for by a similar percentage reduction in cell size, as determined by cell length measurements. Cell size differences were further reflected in increased cell density (cells per field) of stressed leaves. The percentage increase in cell density can be accounted for on the basis of the per cent decrease in cell length, which can also account for the decreased leaf area. Thus, the reduction in leaf area is most likely due to an inhibition of cell expansion. Stressed leaves had a higher SLW, suggesting that these leaves were thicker or had more densely packed mesophyll cells with less intracellular air space. These alterations in leaf anatomy could also result from an inhibition of cell expansion.
CONCLUSIONS
This investigation has shown that water stress results in the senescence of older leaves that have lost their tolerance for stress, and at the same time, promotes the osmotic adjustment of all other surviving leaves. The physiological age of the leaf limits the capacity to adjust osmotically in both very young and very old leaves; however, only the very old leaf responds to water stress by senescing. These results raise the question involving the sequence of events relating leaf age, ability to adjust osmotically, and senescence. If, indeed, loss of adjustment precedes the onset of senescence, then loss of turgor in leaf mesophyll cells may be a primary signal triggering a cascade of events resulting in leaf senescence. Presumably, this cascade of events would involve stomatal closure (18) and ABA production (15) .
Alternatively, the failure of older leaves to adjust osmotically may be the result of a senescence process already taking place. By this interpretation, senescence per se would be unrelated to the leaf osmotic potential and instead triggered by an endogenous process related to physiological deterioration or an increased sensitivity of the leaves to ethylene (1 1). It is clear from the results, however, that the ultimate demise of an individual strawberry leaf is triggered by environmental stress. The second interpretation is supported by the greenhouse experiments where during a single stress cycle the older leaves preferentially senesced even though their osmotic potentials were slightly lower than those of the younger leaves that survived. Stress was not sufficient to cause adequate osmotic adjustment in younger leaves but was sufficient to cause the senescence of the oldest leaves. Overall, these results indicate that the capacity for osmotic adjustment in strawberry leaves is age-dependent. Although this capacity to adjust is undoubtedly important in maintaining turgor and turgor-related metabolic processes during periods of water stress in leaves, a lower cellular 4i, is not a sufficient condition to 
